A simple colorimetric and fluorescent anion sensor 1 based on salicylimine showed a high selectivity and sensitivity for detection of cyanide in aqueous solution. The receptor 1 showed high selectivity toward CN − ions in a 1:1 stoichiometric manner, which induces a fast color change from colorless to orange and a dramatic enhancement in fluorescence intensity selectively for cyanide anions over other anions. Such selectivity resulted from the nucleophilic addition of CN − to the carbon atom of an electron-deficient imine group. The sensitivity of the fluorescence-based assay (0.06 µM) is below the 1.9 µM suggested by the World Health Organization (WHO) as the maximum allowable cyanide concentration in drinking water, capable of being a practical system for the monitoring of CN − concentrations in aqueous samples.
Introduction
Anion recognition is an area of growing interest in supramolecular chemistry due to its crucial role in a wide range of environmental, chemical and biological applications.
1 Among the various anions, cyanide is one of the most concerned. It is known as one of the most rapidly acting and powerful poisons, and the toxicity results from its propensity to bind to the iron in cytochrome c oxidase, interfering with electron transport and resulting in hypoxia.
2 Also, even very small amounts of the cyanide lead to diseases of the vascular, cardiac, visual, endocrine, central nervous and metabolic systems.
3 Despite its extreme toxicity, cyanide is used in many industries such as gold mining, electroplating, metallurgy, polymer production such as nitriles, nylon, and acrylic plastics which produce nearly 140,000 tons of cyanide per year worldwide.
4 It is therefore evident that reliable and efficient ways of detecting the presence of cyanide are needed.
In recent years, many efforts have been devoted to design various chemosensors specific for cyanide detection.
5 The most attractive approach focuses on the research of novel colorimetric cyanide anion sensors, which allow naked eyes detection of the color change without resorting to the use of expensive instruments.
6 Moreover, a fluorescent method is especially attractive mainly because of its high sensitivity, easy operation, rapid response rate, and relative low cost. Thus, a dual colorimetric-fluorescent probe for detection of cyanide is particular attractive.
Many 18 However, most of these probes suffer from limitations such as utilization of expensive instruments, complicated synthesis, requirements of high temperature, and lack of visible changes in color. Most importantly, many of these are reported to work only in organic media. Therefore, it is absolutely necessary to develop new reaction-based probes for detecting CN − in aqueous solution.
With these considerations in mind, we report a simple salicylimine-based colorimetric and fluorescent cyanide selective chemosensor 1, which can work effectively in aqueous media. Receptor 1 can detect cyanide ion via naked-eye discernible color change and exhibits an unique 'turn-on' fluorescence with high selectivity and sensitivity in a water/ THF solution.
Experimental Section
General Information. All the solvents and reagents (analytical grade and spectroscopic grade) were obtained from Sigma-Aldrich and used as received. o-Phenolsalicylimine (1) was synthesized as previously reported. UV-Vis Measurements. Receptor 1 (53.3 mg, 0.25 mmol) was dissolved in tetrahydrofuran (5 mL) and 3 μL of receptor 1 (50 mM) was diluted to 2.997 mL 10% bis-tris/ THF buffer (0.01 M, pH 7.0) to make the final concentration of 50 μM. Tetraethylammonium cyanide (234.4 mg, 1.5 mmol) was dissolved in tetrahydrofuran (5 mL). 5-30 μL of CN − solution (300 mM) was transferred to each receptor solution (50 μM) prepared above. After mixing them, UV absorption spectra were taken at room temperature.
Fluorescence Measurements. Receptor 1 (53.3 mg, 0.25 mmol) was dissolved in tetrahydrofuran (5 mL) and 3 µL of the receptor 1 (50 mM) was diluted in 2.997 mL 10% Bistris/THF buffer (0.01 M, pH 7.0) to make the final concentration of 50 µM. Tetraethylammonium cyanide (234.4 mg, 1.5 mmol) was dissolved in tetrahydrofuran (5 mL). 4-35 μL of CN − solution (300 mM) was transferred to each receptor solution (50 μM) prepared above. After mixing, fluorescence spectra were obtained at room temperature.
Job Plot Measurement. Receptor 1 (10.7 mg, 0.05 mmol) was dissolved in tetrahydrofuran (2 mL). 12, 10.8, 9.6, 8.4, 7.2, 6.0, 4.8, 3.6, 2.4 , and 1.2 μL of receptor 1 solution were taken and transferred to vials. Each vial was diluted with 10% Bis-tris/THF buffer (0.01 M, pH 7.0) to make a total volume of 2.988 mL. Tetraethylammonium cyanide (7.81 mg, 0.05 mmol) was dissolved in tetrahydrofuran (2 mL). 0, 1.2, 2.4, 3.6, 4.8, 6.0, 7.2, 8.4, 9.6, 10.8 , and 12 μL of the tetraethylammonium cyanide solution were added to each diluted receptor 1 solution. Each vial had a total volume of 3 mL. After shaking the vials for a few minutes, fluorescence spectra were taken at room temperature. NMR Titration. H NMR spectra were taken at room temperature.
Results and Discussion
Colorimetric Anion-Sensing. The chromogenic sensing ability of 1 was examined first with tetraethylammonium (TEA) salts of a series of anions including F − , Cl
− in aqueous THF solutions ( Fig. 1(a) ). Upon the addition 60 equiv of each anion, only CN − induced distinct spectra changes while other anions did not induce any spectra changes. As a result, the solution color of 1 changed from colorless to orange only with cyanide with fast response time (Fig. 1(b) ), indicating that receptor 1 can serve as a "naked-eye" indicator for CN − in aqueous media. The high selectivity of 1 for cyanide may be due to the nucleophilicity of cyanide in water. The water decrease the anion's nucleophilicity by hydrogen bonding to the nucleophile. Anions such as F − and OAc − interact with water through hydrogen-bonding leading to a large decrease in their nucleophilicity and basicity, thus, resulting in a poor deprotonation reaction. In contrast, cyanide has much weaker hydrogenbonding ability in comparison with F − and OAc − and stronger nucleophilicity toward the imine group, which results in the addition reaction of CN − to the carbon atom of an electrondeficient imine group and, subsequently, fast proton transfer of the phenol hydrogen to the neighboring nitrogen anion through an intramolecular hydrogen bond (Scheme 1). 20 In an aprotic solvent such MeCN, the selectivity of 1 for CN − was poor as shown in Fig. S1 . All the basic anions such as CN − , F − and OAc − caused the solution color of 1 to change from colorless to orange by a simple deprotonation reaction, because there are no hydrogen bonding between MeCN and the basic anions.
21 A quantitative investigation of the binding affinity of 1 with CN − was studied by UV-vis titration (Fig. 2) . The addition of CN − ions to a solution of 1 resulted in a decrease of absorption band at 354 nm and the appearance of a new band at 426 nm with a clear isosbestic for the 1-CN − anion complexation (Fig. S3) . To check the possible interference of other anions on cyanide complexation with receptor 1, competition experiments were performed in the presence of CN − mixed with various anions (Fig.  S4) . All of these competing anions such as F by 1 in aqueous solution, which means that the receptor 1 displays a good selectivity for CN − over other competing anions. Therefore, absorption studies clearly showed that receptor 1 can act as a specific chromogenic chemodosimeter for cyanide in aqueous solution.
Fluorescent Anion-sensing. To further explore the utility of receptor 1 as an anion-selective fluorescent chemosensor for CN − ions, the fluorogenic behavior of 1 was investigated with various anions in aqueous THF solution. As shown in Figure 3 , receptor 1 alone displayed a very weak fluorescence emission with an excitation of 370 nm. Also, the addition of some anions such as F − , Cl − , Br − , I − and OAc − to the solution of 1 showed no significant changes of the fluorescence. In contrast, the addition of CN − resulted in a drastic enhancement (102-fold) of the emission intensity positioned at 492 nm. In order to study in details the fluorescent sensing behavior of 1, fluorescence titration experiments were performed (Fig. 4) . When the receptor 1 was titrated with CN − , the fluorescence intensity increased up to 60 equiv and then no further change was observed. The Job plot for the binding between 1 and CN − exhibited a 1:1 stoichiometry (Fig. S2) . 23 The fluorescence quantum yields of receptor 1 without and with CN − were found to be 0.001 and 0.085, respectively. 24 The detection limit of receptor 1 for the analysis of CN − ions on the basis of 3σ/K was calculated to be 6.0 × 10 −8 M (Fig. S5) . 25 As cyanide concentrations lower than 1.9 × 10 −6 M are acceptable in drinking water according to the World Health Organization (WHO), 26 the detection limit of 1 is far below the WHO guidelines of drinking water, which means that receptor 1 is a powerful tool for the detection of cyanide in water. To check further the practical applicability of receptor 1 as a CN − -selective fluorescence sensor, we carried out competition experiments (Fig. S6) 1 H NMR spectra of receptor 1 before and after treatment with 30 equiv of CN − are shown in Figure 5 . With the increasing of cyanide concentration, the H a proton of the imine group at 8.9 ppm disappeared and a new peak (H a' ) at 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28 and 30 eq) (8, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60 and 70 eq) at room temperature. Inset: intensity at 492 nm versus the number of equivalents of CN − added.
5.7 ppm started appearing, indicating that the cyanide anion functions as a nucleophile in aqueous solution. All aromatic protons were shifted to upfield, which suggests that the negative charge developed by the attack of CN − ion delocalized through the whole receptor molecule. The formation of cyanide adduct was further confirmed by mass spectroscopy. The negative-ion mass spectrum of 1 upon addition of 30 equiv of CN − showed the formation of the 1+CN − complex [m/z: 239.20; calcd, 239.08] (Fig. 6) . Based on the Job plot,
1
H NMR titration and ESI-Mass analysis, we propose the structure of an 1:1 complex of 1 and CN − , as shown in Scheme 1.
Conclusions
In summary, we have reported a simple imine-based turnon colorimetric and fluorescent chemodosimeter, which displays high selectivity and sensitivity for detection of cyanide in aqueous solution. The receptor 1 showed high selectivity toward CN − ions in a 1:1 stoichiometric manner, which induces a fast color change from colorless to orange and a dramatic enhancement in fluorescence intensity selectively for cyanide anions over other anions. Such selectivity results from the nucleophilic addition of CN − to the carbon atom of an electron-deficient imine group and, subsequently, the fast proton transfer of the phenol hydrogen to the neighboring nitrogen anion through an intramolecular hydrogen bonding. Moreover, the detection limit of 1 for CN − falls below the WHO detection level. Consequently, the chemodosimeter 1 appears to be a practical system for monitoring CN − concentrations in aqueous solution. 
